Polymorphonuclear leukocyte neutrophil granulocyte elastase thrombotic thrombocytopenic purpura disease activity complement activation Introduction: Genetic and autoimmune risk factors contribute to the development of thrombotic thrombocytopenic purpura (TTP) but triggers are needed to bring about acute disease. The aim of the study was to investigate the association of neutrophil activation with acute TTP, to assess whether neutrophil activation changes during plasma exchange therapy and to show if complement-and neutrophil activation are parallel, characteristic processes in acute TTP. Materials and Methods: Altogether 49 EDTA-plasma samples of 21 TTP patients with acute disease and 17 in remission were investigated along with 20 healthy controls. A stable complex of PMNE-proteinase-inhibitor was measured by ELISA (Calbiochem, Merck-Millipore, Darmstadt, Germany). Results: Acute disease was associated with significantly increased PMNE levels, the group medians were similarly low in TTP patients in remission and in healthy controls. Increased PMNE levels were characteristic for hematologically active and ADAMTS13 deficient form of TTP. PMNE concentration inversely correlated to disease activity markers platelet count (r = − 0.349, p = 0.032) and hemoglobin levels (p = − 0.382 p = 0.018). Achievement of remission was associated with significant reduction of plasma PMNE levels (p = 0.031, Wilcoxon test). There was positive correlation between PMNE levels and complement activation markers C3a and Bb. Conclusions: We report increased PMNE levels in acute TTP and showed its association to activity markers of acute TTP and complement activation. Effective treatment of an acute TTP episode resulted in marked decrease in PMNE levels. Our data support and extend previous observations that neutrophil extracellular traps may be released in acute TTP and potentially contribute to the pathophysiology of this disease.
Introduction
Various etiological factors represent increased risk for the development of thrombotic thrombocytopenic purpura (TTP), a life-threatening disorder. Characteristic clinical features of TTP are microangiopathic hemolytic anemia, thrombocytopenia and various involvements of other organs, for example the kidneys and the nervous system [1, 2] . In most cases development of functional inhibitors (autoantibodies) against the von Willebrand factor (VWF) cleaving protease (A Disintegrin and Metalloproteinase with ThromboSpondin-1 like motifs-13, ADAMTS13) predispose to disease. Inherited variations of ADAMTS13 may also confer increased risk of TTP development, whereas a minor part of TTP patients presents with non-ADAMTS13 deficient disease form [3] . Severe deficiency of ADAMTS13 leads to the increased presence of unusually large multimers of VWF that promote the formation of platelet rich thrombi in the capillaries and small vessels leading to tissue ischemia and organ failure [4] .
However, ADAMTS13 deficient patients may remain asymptomatic for several years [5, 6] . Furthermore, several patients may go into sustained clinical remission despite deficient ADAMTS13 activity [7, 8] . In addition, although patients with acute TTP often present without acute disease in history, in the majority of TTP patients infections or pregnancy precede the acute disease flare [9] . These well-known clinical observations collectively indicate that multiple hits may be necessary for the development of clinically active TTP, and ADAMTS13 deficiency, even though it is probably the most important predisposing risk factor, it is alone not sufficient to cause acute TTP.
Previously our group reported on the presence of complement activation in patients with acute TTP [10] an observation recently confirmed in an independent cohort [11] . Our data indicated that activation of the classical/lectin and alternative pathways that lead to the activation of the terminal pathway was present in TTP. It is known Thrombosis Research 133 (2014) [616] [617] [618] [619] [620] [621] that activation of the complement system and of neutrophil granulocytes is characteristic for most infections and also in pregnancy, especially if complicated with preeclapmsia and/or fetal growth restriction [12, 13] . Therefore, we hypothesized that neutrophil activation may associate with acute, ADAMTS13-deficient TTP and potentially contribute to the development of clinically active thrombotic microangiopathy. Supporting this hypothesis were results of a recent study showing increased circulating DNA and myeloperoxidase levels in patients suffering from thrombotic microangiopathies (TMAs) [14] . Hence, the aim of the current study was to formally investigate the association of neutrophil activation with acute TTP, to assess whether neutrophil activation changes during plasma exchange therapy and to show if complementand neutrophil activation are parallel, characteristic processes in acute TTP.
Materials and Methods

Patients and Plasma Samples
Thirty-eight patients with TTP were enrolled in this single-research laboratory based investigation providing diagnostic services (ADAMTS13 and complement measurements) since August, 2007 for patients suspected to have HUS or TTP in Hungary. The patient enrolment for this study was closed in January, 2011. The criteria used to guide patient stratification, diagnosis and sample selection have been described in details [10] . Briefly, diagnosis of TTP was based on one or more episodes of Coombs-negative microangiopathic hemolytic anemia with thrombocytopenia defined as serum lactate dehydrogenase (LDH) N 450 U/L; fragmented erythrocytes in the peripheral blood smear and platelet count b150 G/L; only patients with severely decreased ADAMTS13 activity levels (b5%), or history of it, were included in this study. Patients with acute oligo-anuric renal failure were excluded from the study. Hematological remission (HR) was determined when platelet counts were N150 G/L on two consecutive days without any sign of hemolysis even if there were any neurological, renal or other residual clinical symptoms, whereas complete remission (CR) was established when, platelet count remained above the lower limit continuously for at least 1 month. From each subject, informed consent was obtained and the study was approved by the institutional Ethics Committee on human research.
Determination of Plasma Polymorphonuclear Cell Elastase (PMNE) Levels and other Laboratory Parameters
A stable complex of PMNE-alpha1-proteinase-inhibitor was measured by sandwich type ELISA (QIA96, Calbiochem, Merck-Millipore, Darmstadt, Germany), according to the instructions given by the manufacturer.
The fluorigenic substrate, FRETS-VWF73, was applied for the determination of ADAMTS13 enzyme activity as described [15] . Briefly, citrated plasma was diluted 1:20 in assay buffer (5 mmol/l Bis-Tris, 25 mmol/L CaCl 2 , 0.005% Tween 20, pH 6.0) and mixed with 5 μmol/L FRETS-VWF73 substrate solution (20 μl each), in white 384-well plates. Fluorescence was measured at 37°C every 2 minutes for 1 hour in Chameleon microplate reader (Hidex, Turku, Finland) equipped with a 340 nm excitation and a 460 nm emission filter. The reaction rate was calculated by linear regression analysis of fluorescence over time. A two-fold dilution series of normal human plasma (mixed from citrated plasma samples of 10 healthy blood donors) was applied as standard curve, 100% ADAMTS13 activity was set at the reaction rate observed in the 1:20 diluted sample. The intra-assay variation coefficient was b5%, the inter-assay CV% was 6-9% (measured at 60 and 100% activity levels). The presence of anti-ADAMTS13 inhibitors was determined by mixing 1 part of the patient's sample with 1 part of normal pooled plasma, incubation at 37 degrees of Celsius for 2 hours, and measurement of ADAMTS13 activity of the sample. The presence of ADAMTS13 inhibitors was considered if the patient's original sample had b7% activity, and that of the mixed sample was b50%.
Levels of complement activation products C3a (MicroVue C3a desarg EIA A031, mean of healthy controls 129.6 ng/mL), Bb (MicroVue Bb EIA, A027, mean + 2SD range 0.49-1.42 μg/mL) were determined with commercial Kits (Quidel, San Diego, California, USA) according to the manufacturer's instructions in EDTA plasma samples.
Statistical Analysis
The continuous variables reported in this study showed skewed distribution and according to results of Shapiro-Willk's test deviated from the normal distribution. Therefore, for descriptive purposes the values of each measurement are given as median and 25th-75th percentile, or as numbers (percent) and non-parametric tests were used for group comparisons; continuous variables between two groups were compared with Mann-Whitney U test, for three or more groups with the Kruskal-Wallis ANOVA by ranks test, and for repeated measures with the Friedman test. Dunn's post-test was used for group comparisons after analysis of variance. Spearman's correlation coefficients were calculated by non-parametric method. Statistical analyses were carried out using STATISTICA 7.0 (StatSoft Inc., Tulsa, OK, USA) and GraphPad Prism 4.03 (GraphPad Softwares Inc., CA, USA) softwares. Two tailed p values were calculated and the significance level was put at a value of p b 0.050.
Results
Acute TTP is Associated with Increased PMNE Levels Table 1 shows clinical and laboratory data of the cohort. All of the patients in acute disease flare (n = 21) were ADAMTS13 deficient (activity b5%) and positive for anti-ADAMTS13 inhibitors. Samples for PMNE determinations were taken before the initiation of a series of plasma exchange sessions in 13 patients, whereas for the remaining 8 cases sampling was done during the PEX series. Seventeen patients were enrolled in complete remission, 8 of them were ADAMTS13 deficient (1 patient had 7% activity and was positive for inhibitor), 8 patients had ADAMTS13 activity within the reference range, and 1 patient had moderately decreased level. Increased absolute neutrophil counts were not associated with acute TTP (Table 1) , the median (IQR) values for acute patients was 6.0 G/L (4.4-9.7) whereas for patients in remission 4.7 G/L (3.4-9.1; p = 0.223).
Acute disease was associated with significantly increased PMNE levels, whereas the group medians were similarly low in TTP patients in remission and in healthy controls (Fig. 1) . Patients in remission with (0.54 ng/mL, 0.53-0.86) or without (0.73 ng/mL, 0.48-1.00) ADAMTS13 deficiency had similar PMNE levels (p = 0.680). Furthermore, increased PMNE levels and deficient ADAMTS13 activity together characterized hematologically active disease (plt b 150 G/L, Fig. 2, panel  A) . Note, that there were no patients in our cohort with non-deficient ADAMTS13 activity and decreased platelet counts. In line with this observation there was a significant association between amounts of functional ADAMTS13 inhibitors (as assessed by measuring the ADAMTS13 activity of the mixed patient/normal plasma samples) and PMNE levels (Fig. 2, panel B) . There was no significant correlation between ADAMTS13 activity (measured in patient's own samples) and PMNE levels (data not shown). Similarly, no association between PMNE levels and neutrophil counts was observed (r = −0.381, p = 0.064, data not shown) and neutrophil counts were similar in acute and remission groups, excluding the possibility of the mere reflection of higher neutrophil counts by increased PMNE levels. Finally, we investigated changes of PMNE levels during therapy. There were 5 patients with available samples before the initiation of PEX series, and during that. In 4 out of the 5 patients, PMNE levels decreased by 40-60%, whereas in one patient it increased by 187%. Similarly, we investigated PMNE levels in samples of 6 patients (4 women) with available samples collected on the day of admission, before the initiation of PEX series, and also in hematological remission at least 1 week after the last session of the PEX series. As shown in Fig. 3 , achievement of remission was associated with significant reduction of circulating plasma PMNE levels in patients with TTP. 
Association between PMNE Levels, Activity Markers of TTP and Complement Activation Products
Next, correlations between TTP activity markers and PMNE levels were analyzed. The amount of PMNE showed inverse correlation to platelet count and hemoglobin levels in the whole TTP cohort (Fig. 4,  panel A and B ). Fourteen patients with acute TTP received packed red blood cells before sampling for PMNE determinations. The significant inverse association is present between PMNE and hemoglobin levels if these subjects are excluded form the analysis presented on Fig. 4B (r = − 0.427, p = 0.037). Result of stratified correlation analysis (although underpowered due to low patient numbers) is presented in legend for Fig. 4 .
In a subset of these patients levels of complement factors and activation products have been measured previously. Increased levels of C3a and terminal pathway complex (TCC) were observed in acute TTP [10] . Therefore, we analyzed if any of the complement factors or activation products show association with activity markers of neutrophils. As shown in Fig. 5, concentrations 
Discussion
Here we report on two novel findings. First, in a well-characterized, homogenous ADAMTS13-deficient, inhibitor positive cohort of TTP patients elevated neutrophil activation marker, PMNE, was shown to be increased in acute disease flare. PMNE levels were directly related to disease activity markers hemoglobin and platelet count, and correlated with the amounts of functional ADAMTS13 inhibitor. Second, according to the presented data, neutrophil-and complement activation are present parallel in acute TTP and correlate to each other.
The potential link between thrombotic microangiopathy and neutrophils was first studied and characterized in E. coli caused typical HUS. Increased initial neutrophil count was shown to be predictive for bad outcome in D + HUS [16] . Further, neutrophil markers (elastase, myeloperoxidase and IL-8) were elevated and linked to endothelial cell damage and thrombin activity in typical HUS [17] . Similar observations have been reported for a few diarrhea negative HUS patients [18] . Recently, elevated myeloperoxidase and circulating DNA levels were shown in patients with various forms of TMA (ADAMTS13 deficient TTP, D + HUS, tumor-associated TMA and TMA of with unknown etiology). Increased plasma DNA and MPO levels together with ADAMTS13 deficiency characterized the acute disease state in patients with acquired TTP. Authors concluded that circulating DNA and histones in patients with TMA could have originated from neutrophil extracellular traps (NETs) [14] .
Neutrophils release processed chromatin termed neutrophil extracellular traps (NETs) to trap and kill pathogens [19] . NETs are implicated in immune defense [20] , sepsis [21] and autoimmunity [22] . NET is formed by a DNA-histones scaffold that contains granule proteins such as elastase and myeloperoxidase, as well as antimicrobial peptides [23] . Results obtained in PMNE knock-out mice showed that these animals do not form NETs in a pulmonary model of bacterial infection [24] . These and other studies [24] collectively demonstrated that PMNE is essential for the initiation of NET formation and is externalized together with NETs after stimulation of neutrophils. Therefore, based on our results we conclude that the increased PMNE levels in acute TTP may originate from neutrophils in a process of cell activation and NET release. Our observations independently confirm the results of Fuchs et al., regarding the contribution of neutrophil activation to the pathogenesis of acute TMAs, and its correlation to disease activity.
Activation of neutrophils, as assessed by a specific biomarker, elastase, is characteristic for hematologically active TTP. Patients with N 150 G/L platelet counts and deficient ADAMTS13 activity had similar mean PMNE level to those in remission without ADAMTS13 deficiency (Fig. 2) , and also similar to healthy controls (Fig. 1) . Furthermore, treatment of acute TTP by a series of PEX sessions resulted decrease of PMNE levels in the majority of patients during PEX, whereas the reduction was significant (Fig. 3) after reaching of hematological remission. These results support the multiple hit concept in the pathogenesis of TMAs, specifically, TTP. Acute TMA flares often follow infections or precipitate during or after pregnancy and neutrophil activation is known to be increased in these clinical states [9] . In genetically (rare or common variants in ADAMTS13) or immunologically (ADAMTS13 inhibitors) predisposed individuals, activation of neutrophils and release of NETs may precipitate acute TTP by multiple mechanisms. As shown in mouse model, DNA and histones stimulate thrombosis and promote cytotoxicity [25] [26] [27] . In addition, reactive oxygen species released by activated neutrophils have prothrombotic effect, mediated in part by inhibition of VWF cleavage by ADAMTS13 [28] . Finally, leukocyte proteases including elastase cleave von Willebrand factor at or near the ADAMTS13 cleavage site and may therefore participate in the proteolytic regulation of VWF [29] .
Furthermore, NETs may activate complement leading to C3b deposition to NET components and generation of C5a [30] . Previously we [10] and others [11] documented the activation of the classical/lectin, the alternative and the terminal pathways of complement in TTP. Our current results indicate the association between PMNE and C3 activation (C3a), and the presence of NETs may be a potential link between these factors. The presence of correlation between PMNE and Bb levels point to the initiation of alternative amplification loop extending complement activation. Complement activation attracts and activates neutrophils [31, 32] , and in turn may exacerbate NET release, initiating a positive feed-back loop. These observations are in line with the recent report on the association among circulating nucleosomes, activated neutrophils (as indicated by increased neutrophil elastase-α1-antitrypsin complexes), and presence of deep vein thrombosis [33] . Taken together, evolutionarily conserved innate mechanisms acting in concert may stimulate thrombosis, endothelial damage [34, 35] and contribute to the precipitation of acute TTP.
Currently PMNE measurement is possible only by manual immuno-and enzymatic assays, therefore this restricted availability and relatively high costs limit its potential clinical application. However, if these observations can be repeated in independent cohorts markers of neutrophil activation may potentially help to stratify patients between therapeutic modalities and to guide time and frequency of plasma exchange treatment.
We acknowledge potential limitations of our study. TTP is a rare disorder, and we were unable to enrol more patients in a reasonable short time-frame allowing the correct analysis of elastase and neutrophil activation. Therefore, due to the low number of patients some of the analysis presented here are underpowered, there is a possibility for the presence of false negative or false positive conclusions in the results (especially for the correlation analysis), and therefore some of the conclusions have to be taken as preliminary, until independent confirmation is published.
In conclusion, we report the association of increased plasma neutrophil elastase levels with acute TTP. Increased PMNE levels were directly related to hematologically active TTP, to functional ADAMTS13 inhibitors, disease activity markers of acute TTP (hemoglobin concentrations and platelet counts) and complement activation markers of the alternative pathway. Effective treatment of an acute TTP episode resulted in marked decrease in PMNE levels. Our data lend credence to the hypothesis that neutrophil extracellular traps may be released in acute TTP and may potentially contribute to the pathophysiology of this disease. We identified complement activation products associated with high PMNE levels indicating for the presence of a potential positive feed-back loop between innate mechanisms behind the precipitation of acute TTP.
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